This paper demonstrates a metal-organic thin-film encapsulation technique based on the photolithography of multiple layers of positive-tone photo-definable polymer. This encapsulation process, performed at low temperatures (<110
Introduction
Proper environmental protection is critical to ensure an extended lifetime for high performance microelectromechanical systems (MEMS). A typical MEMS device can be an integrated system with actuation, sensing, and signal processing units. The surrounding environment can have an impact on the performance of many types of MEMS devices utilizing thermal [1, 2] , electrostatic [3, 4] , magnetic [5] and piezoelectric [6] actuation through humidity, pressure, medium viscosity or precipitation of floating particles. Because exposure to the environment may or may not be critical for device operation, different MEMS encapsulation schemes are required depending on the application. For example, while contact with the environment is not necessary to sense radiation [7] , electromagnetic field [8] , or motion [9] , it is required for the detection of biochemical species [10] , temperature [11] , humidity [12] , or pressure [13] .
Packaging techniques for MEMS devices have been explored by many researchers since the naissance of MEMS research. Chiao et al realized device-level hermetic packaging of micro resonators by rapid thermal processing (RTP) aluminum-to-nitride bonding, and successfully packaged the devices both under atmospheric pressure and in vacuum [14] . Sparks et al created MEMS packages by bonding micromachined glass wafers with a reflowed glass sealing ring, patterning a variety of getters in the cavities, and employing various sealing designs to obtain different cavity pressures ranging from 1 mTorr to 1 atm [15] . Joseph et al built micro cavities for MEMS devices by utilizing thermally decomposable polymers as sacrificial layers [16] . The sacrificial layer was first patterned over the devices and then covered with a thick polymer overcoat. Finally, this package was heated to decompose the sacrificial layer into volatile gases. The gases penetrated through the overcoat until the pressure difference between the interior and exterior of the polymer overcoat equilibrated. Cheng et al achieved hermetic packaging by exploiting localized aluminum/siliconto-glass bonding [17] . Polysilicon on-chip micro heaters were used to locally heat the bonding area up to 700
• C for strong and reliable bonding. He and Kim enabled onchip hermetic packaging by post-deposition electrochemical etching of polysilicon [18] . A phosphosilicate glass (PSG) sacrificial layer was patterned on devices and then covered with nanoporous polysilicon formed by electrochemical etching. After the sacrificial PSG layer was removed by hydrofluoric acid through the nanopores, another layer of polysilicon encapsulated the cavities, which limited the cavity pressure to the working pressure inside the polysilicon deposition chamber.
Photodefinable negative-tone polymers have been used by several research groups for constructing three-dimensional structures through multiple exposures followed by a single development [19] [20] [21] [22] [23] . Multiple standard UV exposures (wavelength = 365 nm) can only define pyramid structures for the negative-tone polymer since UV absorbance distance is usually greater than a single polymer coating thickness, which means that each exposure can reach the bottom layer of polymer. Special handling is required to fabricate inverted pyramid structures such as embedded micro channels or cavities. Fu et al exploited deep UV (DUV) at 254 nm to construct embedded micro channels [24] . DUV has much thinner absorbance distance than UV at 365 nm, and thus it polymerizes only the top layer to create the channel ceiling. While photodefinable microstructures have been demonstrated using DUV, this exposure technique requires the use of quartz masks, which are costlier than standard soda lime, as well as diffusion-limited development compared to a less time-consuming, single-layer development process. In addition to reducing adhesion between negative-tone polymer patterns and the substrate, a longer development time also causes polymer swelling which distorts feature shape and the flat channel ceiling. Foulds et al demonstrated a planar, self-sacrificial and multiple-layer SU8-based MEMS process utilizing a UV-blocking layer to construct freely moving parts [25] . In this process, each standard SU8 layer had a modified SU8 (mixture of SU8 and Shipley SC1827, a positive-tone photoresist) layer beneath it for UV blocking, and then was independently patterned. Although this method can be theoretically employed to fabricate both pyramid and inverted-pyramid structures, control of the UV exposure to a certain polymer layer is very challenging and requires a significant amount of characterization. Since this process is also based on negative-tone photoresist, it has the same two disadvantages as the process in [24] .
Here we present a low-temperature metal-organic thinfilm encapsulation technique based on photolithography of positive-tone polymers, the first report on construction of multiple-level structures with only Novolac-based photoresist. We used thick positive-tone photoresist SPR220 for proof-of-concept demonstrations: piezoelectric bulkacoustic resonators were encapsulated in photoresist cavity structures formed by multiple UV exposures followed by a development process. This technique has several advantages: (1) low-temperature processing (<110
• C), (2) benign release environment, (3) residue-free cavities, (4) blanket metallization (for gas barrier) with self-patterning to electrically isolate multiple interconnects, and (5) 
Material and method

Novolac-based positive-tone photoresist
The composition of a typical positive resist is a mixture of Diazonaphthoquinone (DQ), Novolac resin and evaporable solvent. DQ, a photoactive compound, is insoluble in a basic solution. The Novolac resin dissolves very easily in an aqueous solution. The solvent is evaporated by softbake, and then UV irradiation converts DQ to a carboxylic acid which acts as a dissolution enhancer (figure 1). Therefore, the irradiated and shadow regions behave differently in a basic developer solution: shadow regions remain due to DQ's hydrophobicity to repel the developer while irradiated regions dissolve very quickly because of the generated hydrophilic carboxylic acid.
UV-irradiated and shadow regions of Novolac-based positive-tone photoresist react differently to a subsequent coating of Novolac-based photoresist. Shadow regions retain hydrophobicity and do not physically or chemically react with the second coating. The hydrophilic UV-irradiated regions, however, absorb a subsequent coating and revert to hydrophobicity, becoming insoluble in the developer. During softbake of the second coating, we observed that large UVirradiated regions contained gas bubbles while small UVirradiated regions with dimensions less than 500 µm had no visible bubbles. These bubbles were formed by trapped nitrogen gas from the UV-initiated chemical reaction shown in figure 1. Surface tension of the photoresist suppressed bubble formation in small UV-irradiated regions as the surface tension of a hemispherical bubble is approximately inversely proportional to the base radius. An exploded schematic drawing of a ZnO-on-silicon bulk-acoustic resonator with a two-port electrode configuration which is compatible with high frequency GSG probes. Note: the annexed platforms are used for sensing applications which are not discussed in this paper.
Piezoelectric bulk-acoustic resonators
Working principle.
A ZnO-on-silicon piezoelectric bulk-acoustic resonator is schematically shown in figure 2. The piezoelectric layer is sandwiched by bottom and top electrodes in a two-port configuration compatible with high frequency ground-signal-ground (gsg) probes. The bottom electrode is connected to a signal ground and the top split electrode serves as the signal input and output. The material stack is supported by the device layer (single crystal silicon with ultra-low acoustic loss) of a SOI wafer. For piezoelectrically transduced resonators, charge neutralization suppresses sensing of certain resonant modes. Induced charge polarities across a piezoelectric layer are determined by stress types: tensile and compressive stresses generate charge polarities respectively opposite and the same as the intrinsic polarity of the piezoelectric layer. A typical flexural mode has charge neutralization effects resulting in a low output at the sensing port. Significant resonant modes (lateral extensional and thickness modes) detected have the same type of stress across the sensing electrodes.
Fabrication.
ZnO-on-silicon bulk-acoustic resonators were fabricated on a 4 inch SOI wafer (device, buried oxide and handle layers are respectively 5 µm, 2 µm and 500 µm) with major process steps shown in figure 3 . First, a layer of Ti/Au/Ti (100/1000/100Å) was deposited by e-beam evaporation and patterned by a lift-off process. The bottom titanium layer promoted adhesion, while the top titanium layer promoted both adhesion and ZnO crystallinity due to the same hexagonal closed packed (hcp) crystal structure. Second, 5 µm deep recesses in the device layer were formed by deep reactive ion etching (DRIE) at the eventual location of the top contact pads. Third, 1 µm thick ZnO was deposited by RF sputtering for 2 h under the following conditions: (a) argon-to-oxygen ratio of 1:1, (b) chamber pressure of 6 mTorr, (c) RF power of 125 W with zero reflected power, (d) substrate heating at 210
• C and (e) substrate-totarget distance of 10 cm. Fourth, the top electrode Cr/Cu (1000/500Å) was deposited by dc sputtering and patterned by a lift-off process. Deposition by dc sputtering ensured good electrical connections to contact pads in the 5 µm deep recesses due to its excellent step coverage. Significant tensile stress in the 1000Å thick chrome layer caused micro cracks to form on the photoresist patterns; however, this property was exploited to successfully complete the lift-off process for the sputtered Cr/Au, completely encapsulating the photoresist patterns. Fifth, the bottom electrode contact pads were exposed to air by etching ZnO with a photoresist mask in an acetic acid solution with a pH value of 3. The etch time required to remove the 1 µm thick ZnO was about 15 min. Sixth, the stack of ZnO and device layer was subsequently etched to form trenches to define the resonator structure: ZnO was etched by the same acetic acid solution as in step 5; the device layer silicon was etched at a rate of 1 µm min −1 in an STS ICP system. Finally, after the metal-organic thin-film encapsulation (described in the next section) was completed, the resonators were released through: (a) formation of cavities by DRIE etching the handle layer and (b) removal of exposed buried oxide layer by Plasma-Therm ICP etching from the handle side.
Metal-organic thin-film encapsulation
A schematic overview of the metal-organic thin-film encapsulation is shown in figure 4 . We utilized a positivetone photoresist as both sacrificial and structural layers to construct cavities to house MEMS devices. The photoresist cavities were formed by multiple coatings and UV-irradiations followed by a development process. Gas-barrier metallization was performed with no subsequent photolithography patterning required (figure 4(c)) to electrically isolate multiple interconnects.
Formation of cavity housing. Immediately after the device substrate was dehydrated at 110
• C (hotplate) for 2 min, the first layer of SPR220 was spun on the substrate at 3000 rpm for 30 s to achieve a film approximately 6 µm thick, and then softbaked at 110
• C (hotplate) for 10 min. Because the photoresist reflowed towards a flat photoresist/air interface, the photoresist thickness at trenches around the resonators almost doubled. The encapsulation requires these trenches to be clear of photoresist, therefore, complete UV exposure of the photoresist in the trenches must be ensured. The irradiated area includes a large circle (∅300 µm) enveloping the resonator with four small satellite circles (∅30 µm) used as lateral access holes and one rectangle at each top electrode pad. The lateral access holes allow the first photoresist layer to be removed during the development step.
As mentioned in section 2.1, an intermediate buffer layer is necessary to prevent subsequent photoresist coating from attacking pre-irradiated photoresist. Two methods were tested to coat the irradiated resist with a thin layer of hydrophobic fluorocarbon polymer: (a) Teflon deposition in a C 4 F 8 plasma and (b) CHF 3 plasma treatment to grow fluorocarbon polymer by chemical reaction. The Teflon coating exhibited high hydrophobicity and prevented the second layer from achieving full coverage on the substrate. The recipe for the chosen CHF 3 plasma treatment in a Vision TM RIE system is: CHF 3 flow = 25 sccm, RF power = 200 W, chamber pressure = 60 mTorr and processing time = 2 min.
The second layer of SPR220 was spun on the substrate using the following recipe: spin speed = 700 rpm, ramp-up acceleration = 70 rpm s −1 and dwell time = 60 s. Because of its poor heat conductivity, two-stage heating on a hotplate was performed on this thick layer of photoresist: first baked at 65
• C for 5 min, and then baked at 110 • C for 10 min. Prior to withdrawing the substrate from the hotplate, the hotplate was powered off to naturally cool down to 65
• C. This baking process achieved two goals: (a) the gradual increase and decrease in temperature prevents photoresist cracking and (b) the low temperature heating allows the photoresist solvent to effectively evaporate from the bulk. The final thickness of the second-layer photoresist was approximately 15 µm. After 2 h relaxing, the second-layer photoresist was UV-irradiated with a dark field mask to expose lateral access holes.
A development process shown in figure 5 removed all UV-irradiated photoresist to reveal the cavity housing. The top-layer photoresist was completely developed using MF319 within 3 min, and the development stopped at the fluorocarbon polymer buffer layer due to its high hydrophobicity. After the fluorocarbon polymer was removed by oxygen plasma etching for 1 min, the development process resumed for another 50 min until complete lateral development of the cavities was observed.
Another advantage of positive-tone photoresists over negative-tone photoresists is the capability of additional UVirradiation and development, which can redefine the patterned features. This property enables the exposure of electrical interconnects ( figure 8 ). UV-irradiation through a bright field mask exposed a rectangular area (smaller than the rectangle in the bottom photoresist layer, see figure 6(c)) at each top electrode pad and space between individual resonators as well as bottom electrode pads. A 3 min development process removed the UV-irradiated top photoresist layer, and then oxygen plasma etched away the intermediate fluorocarbon polymer. Finally, the remaining UV-irradiated photoresist was removed by another 2 min development. After the development was completed, the substrate was placed in a beaker filled with de-ionized water where photoresist and developer residue in the cavities was completely removed. For efficient cleaning, a setup shown in figure 7 was used: the wafer with encapsulations facing down was rested on the inner Petri dish and a magnetic stirring bar in the Petri dish rotated at 200 rpm to cause gentle water flow to extract remaining residue from inside encapsulation cavities. After the cleaning process was run for 10 min, Figure 7 . A schematic drawing of the cleaning setup: a small Petri dish used as a spacer to support the device substrate is placed in a beaker filled with de-ionized water and a magnetic stirring bar inside the Petri dish brings shear flow onto the substrate surface to refresh the liquid inside the developed cavities.
the wafer was dried with gentle N 2 flow. Figure 8 shows SEM images of the developed encapsulations prior to final metallization.
Sealing by metallization.
Blanket metallization with controlled thickness from 6 µm to 11 µm was performed after the encapsulation structures were fully developed. The lateral access holes were sealed while the top electrode pads remained electrically isolated due to the predefined recesses and photoresist roofs in the upper layer ( figure 4(c) ). Two types of metallization were investigated: dc-sputtering and e-beam evaporation. Copper and tungsten were respectively deposited by dc sputtering for about 3 µm and all the photoresist encapsulations were destroyed due to the significant tensile (copper) and compressive (tungsten) stress (figure 9). The dcsputtering process also heated up the substrate very quickly, which caused photoresist reflow. E-beam evaporation of 8 µm µ Figure 8 . SEM images of the developed encapsulations prior to blanket metallization: greater clearance in the pad hole than that in the lateral access hole is caused by the predefined recess in the pad hole. 
Results and discussion
Characterization of encapsulated resonators
An Agilent network analyzer was utilized to characterize the encapsulated piezoelectric bulk-acoustic resonators. Figure 11 shows the fundamental resonant peak of the lateral extensional mode. The resonant frequency is 30.7 MHz, and the quality factor is approximately 1300 in air.
Lateral development time versus cavity height
Time of lateral development for cavity housing is not dependent on the thickness of the bottom photoresist layer, i.e. the cavity height. This can be explained using the following simplified model shown in figure 12 . Since the lateral development has radial patterns originating from the four lateral accesses, the time to develop the rectangular w × 2r × d block (w:width of the lateral access, r: the cavity radius, d: the cavity height) across the cavity diameter is equal to the total lateral development time t for the whole cavity. Assuming the lateral development rate is a constant R d per unit area, we can estimate the lateral development time t as
The above equation implies no relationship between lateral development time and cavity height. We have tried three different values of bottom photoresist thickness: 3 µm A schematic drawing of four evenly distributed lateral accesses in the bottom photoresist layer towards the encapsulation cavity: when the crossed two blocks are developed, the cavity is completely developed due to the radial development paths from the lateral accesses as shown in figure 5. with SC1827, 6 µm and 15 µm with SPR220. All the lateral development processes were completed within approximately 50 min.
Cavity radius versus cavity height
Although cavity height does not determine the lateral development time, there is a minimum allowable thickness which prevents downward bending photoresist from touching the encapsulated devices. The downward bending can be caused by two factors: (a) intrinsic flexibility of the photoresist capping over a large span and (b) encapsulated vacuum immediately after blanket metallization sealing and withdrawal from the metallization chamber. For the ∅300 µm cavity, we experimentally found the safe cavity height to be 6 µm and above.
Encapsulation options for gravimetric gas sensors
A piezoelectric bulk-acoustic resonator can be used to detect gases by appropriately patterning a sensing material on the resonator. The sensing mechanism is based on gravimetric effects, where mass loading or loss causes downshift or upshift of resonant frequency, respectively. Abdolvand et al [26] reported a high sensitivity of about 1 kHz pg −1 from a ZnO-on-diamond bulk-acoustic resonator. For field applications such as toxic gases sensing at Ground Zero of the 911 tragedy, floating dust particles should be filtered out for such a gravimetric sensor to maintain high performance. The presented encapsulation technique can easily be modified for this purpose: the lateral access holes are partially sealed and the remaining gaps in the lateral access holes are controlled by the metallization thickness. The metallization is monitored by a quartz crystal microbalance (QCM) with resolution of angstroms in thickness, which indicates that the gas access in the encapsulation can be controlled with a resolution of angstroms. In addition, the polymer photoresist in the encapsulation can be treated to possess electrostatic charges which will greatly enhance dust filtering capability. A resonant gas microsensor can also be used to verify the hermeticity of the package over a certain period of time. If the device's resonant frequency changes compared to a reference device with no sensing material in the same environmental conditions, this indicates that the encapsulated device is still exposed to gas and should be further sealed. If a change in frequency is not detected when the package is exposed to the target gas, it can be assumed that the device has undergone air-tight encapsulation.
Summary
We have demonstrated a metal-organic thin-film encapsulation technique for MEMS devices. The encapsulation technique utilizes the photolithography of multiple layers of Novolacbased positive-tone photoresist to construct cavity housing, and then blanket metallization to further seal the encapsulation. The blanket metallization requires no patterning to electrically isolate multiple interconnect pads due to a special geometric design.
Complete encapsulations have been performed on ZnO-on-silicon bulk-acoustic resonators and the high Q of the encapsulated resonator in air indicates successful implementation of this encapsulation method without residue. In addition to MEMS device encapsulation, this technique can also be employed to build micro fluidic systems for lab-on-chip applications.
